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Abstract Fourier transform infrared (FT-IR) spectroscopy
was employed as a rapid high-throughput phenotypic
typing technique to generate metabolic fingerprints of
Escherichia coli MG1655 pDTG601A growing in fed-
batch culture, during the dioxygenase-catalysed biotrans-
formation of toluene to toluene cis-glycol. With toluene fed
as a vapour, the final toluene cis-glycol concentration was
83 mM, whereas the product concentration was only
22 mM when the culture was supplied with liquid toluene.
Multivariate statistical analysis employing cluster analysis
was used to analyse the dynamic changes in the data. The
analysis revealed distinct trends and trajectories in cluster
ordination space, illustrating phenotypic changes related to
differences in the growth and product formation of the
cultures. In addition, partial least squares regression was

used to correlate the FT-IR metabolic fingerprints with the
levels of toluene cis-glycol and acetate, the latter being an
indicator of metabolic stress. We propose that this high-
throughput metabolic fingerprinting approach is an ideal
tool to assess temporal biochemical dynamics in complex
biological processes, as demonstrated by this redox bio-
transformation. Moreover, this approach can also give
useful information on product yields and fermentation
health indicators directly from the fermentation broth
without the need for lengthy chromatographic analysis of
the products.
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Introduction

Many manufacturing industries are beginning to replace
traditional chemical processes with bioprocesses because of
their chemical specificity, desirable reaction kinetics and
benign conditions. The regio- and stereo-selectivity are
frequently unmatched by chemical routes, therefore provid-
ing an attractive ‘green route’ to manufacture chemical
products that cannot be produced in alternative reactions.
Redox biotransformations should provide many new routes
to the manufacture of both chiral and non-chiral speciality
chemicals. However, the majority of redox reactions require
the use of whole cells as biocatalysts to provide a means of
cofactor regeneration [1]. The problem with using whole
cells as biocatalysts is that the product yields are limited by
substrate and/or product toxicity. To reduce the effects of
toxic substrates on whole-cell biotransformation, specific
growth conditions such as two-liquid phase systems [2] and
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gradual feeding procedures may be employed. However,
the key to improving whole-cell biotransformations is a
clear understanding of the limitations at all levels of the
bioprocess. To understand the effect of the bioprocess on
the physiology of the cultures, we have employed a
metabolic fingerprinting technique to profile the cultures
at a cellular level.

In this study, we used recombinant Escherichia coli
expressing toluene dioxygenase to produce toluene cis-
glycol (TCG) from toluene (Fig. 1) during growth in
glucose-limited fed-batch culture [3]. The use of whole
cells in redox biotransformations produces improved yields
and is a “greener” approach than using chemical methods.
The resulting synthetically important products are useful as
precursors in new or alternative routes in chiral synthesis
[4, 5]. Organic solvents such as toluene are extremely toxic
to the cells in the region of 0.1% (v/v) [6], and the build-up
of substrate results in an environment detrimental to the
viability of the culture and product yield. Fourier transform
infrared (FT-IR) spectroscopy was used as a phenotypic
typing technique which is routinely used to generate
metabolic fingerprints of microbial cultures [7–10]. When
coupled to multivariate statistical analysis, FT-IR spectros-
copy has been used in numerous studies, including the
differentiation of bacteria to sub-species levels [7, 11–14],
functional genomics screens in E. coli [15], the effects of
pharmaceuticals on microbial cultures [16] and measuring
the concentrations of target molecules in microbial fermen-
tations [17–19]. The sensitivity of this approach has also
been used in biotechnological processes to model dynamic
fluctuations in silage fermentations [10], as a tool in
bioprocess monitoring in acetone–butanol fermentations
by Clostridium strains [20], and to determine the effect of
temperature on the membrane order and fluidity in Gram-
negative bacteria [21]. FT-IR spectroscopy presents itself as
an ideal high-throughput screening technique due to the
speed in which the fingerprint may be generated (typically
10 secs to 1 min per sample), minimal sample preparation,
automation (96- or 384-well plates) and relatively low
expense.

To our knowledge, FT-IR has not been previously
employed to monitor metabolic fingerprints in E. coli

biotransformations. In this paper, we demonstrate that, in
combination with appropriate multivariate analyses (che-
mometrics), FT-IR spectroscopy has sufficient sensitivity to
assess the biochemical fluctuations during toluene cis-
glycol production. This high-throughput method is an ideal
tool, since the analysis of large sample numbers is required
to fully assess the time course of the bioprocess. We have
applied two approaches to add the substrate (toluene) to the
cultures, either as a vapour or liquid feed. Classical
microbiological measurements were taken to assess growth
and cell physiology, in addition to the phenotypic analysis
by FT-IR metabolic fingerprinting of the cell composition.
Cluster analysis (PC-CVA) and partial least squares
regression (PLSR) were used to assess the temporal
dynamics of the fermentation and to simultaneously
determine the effect of the product (toluene cis-glycol)
and acetate in the exometabolome on the fingerprint of the
cultures.

Experimental

Growth conditions

E. coli MG1655 [22] was transformed [23] with
pDTG601A (kindly supplied by Rebecca Parales, Univer-
sity of California, Davis). This plasmid carries the toluene
dioxygenase gene under the tac promoter [24], and this
host-expression system was used as a biocatalyst to convert
toluene to TCG (Fig. 1). The conditions for growth and
biotransformation had previously been developed using E.
coli JM109 as described by Phumathon and Stephens [3],
so we tested both host strains for the biotransformation to
check that the conditions were suitable for MG1655.
Preliminary experiments (data not shown) showed that
there was no significant difference in the TCG yields
between the original JM109 host and MG1655, indicating
that the biotransformations could be operated as previously
described. This was an important finding since the whole
genome sequence of MG1655 is known and so will
advance the understanding of the effect of the biotransfor-
mation on the host in future studies. Biotransformations
were performed in a Pierre Guerin bioreactor (Mauze,
France) fitted with a 2-L vessel and operated at an initial
working volume of 1.25 L in double-strength MS medium
[25, 26] with 100 μg mL−1ampicillin. The vessel was
inoculated with E. coli MG1655 cultured in MSX medium
[26] with 100 μg mL−1 ampicillin for 18 h at 37 °C to an
optical density680 nm of 1.0. The culture was grown at 37 °C,
at pH 6.8±0.1 (controlled by automatic addition of 1 M
NaOH), with an air flow of 30 L h−1. The dissolved oxygen
concentration was maintained above 5%, by automatic
control of the stirrer speed (minimum 200 rpm). Foaming

OH

OH

NADH + H+ + O2 NAD+

E. coli MG1655 pDTG601A

Toluene TCG

Fig. 1 Enzymatic conversion of toluene to toluene cis-glycol by
toluene dioxygenase
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was controlled by the automatic addition of polypropylene
glycol P2000 (3% v/v) when required.

The biomass of the cultures was measured by monitoring
the optical density at 680 nm and dry weight of the cultures.
When the culture reached a dry weight of 0.5 g L−1, the pH
was increased to 7.2 to prevent decomposition of TCG. The
culture was allowed to adapt to the pH change for 30 min,
and then isopropyl-β-D-thiogalactoside (IPTG; 1 mM) was
added to induce expression of toluene dioxygenase, and the
toluene feed was started (if applicable). Toluene vapour was
added by sparging air (15 L h−1) via a glass sinter through a
reservoir of liquid toluene (300 mL in a 500-mL Dreschel
bottle) and mixing this with pure air (15 L h−1) before
passing the mixture into the culture via a sterile filter.
Liquid toluene (liquid feed) was supplied using a syringe
pump (model 100 series, KD Scientific, USA) at an initial
rate of 0.1 mL h−1 for 2 h. The flow rate was increased at a
rate of 0.1 mL h−1 to a final rate of 0.5 mL h−1 and
maintained for a further 19 h. The toluene was added to the
vessel through a glass Pasteur pipette to reduce the droplet
size and ensure that the droplets left the orifice rapidly. This
ensured efficient mixing and also minimised exposure of
the toluene droplets to the air flow to reduce evaporative
loss. Control cultures were grown without toluene, accord-
ing to the same general procedure. In all cases, a glucose
salt solution [25, 26] was fed to the culture after the
consumption of the glucose in the initial culture medium.
The initial feed rate was 8 mL h−1, and the rate was
increased whenever the oxygen demand decreased, or
offline measurement of glucose concentration indicated
that the culture was glucose-limited. The feed rate was
adjusted to continue the exponential growth of the bacteria
and also to enable cofactor recycling for the biotransfor-
mation. The maximum feed rate was 12 mL h−1.

In total, 13 fed-batch cultures were grown and analysed
(Table 1). These included four controls where no toluene
was added, five cultures where toluene was introduced in
vapour form and four cultures using liquid-fed toluene.

Analytical methods

Biomass concentrations were determined by monitoring the
optical density (680 nm) and the dry weight of the culture.
The dry weight of the cultures was measured by filtering a
known volume of culture through a pre-weighed 0.2-μm
membrane filter (Whatman, UK). The filters were dried
until consistent weights were obtained, and the dry weight
of the cultures was calculated. Viable counts and culture
purity were measured by serial dilution in 0.9% saline
solution, and the preparation of replicate spread plates on
LB agar. The viability of the cultures was consistent
between the experimental conditions (data not shown).
Samples of culture supernatant were prepared by centrifu- T
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gation for 3 min at 11,500×g and analysed for residual
glucose, acetate and TCG. The glucose concentration was
determined using a blood glucose metre (Medisense
Precision QID, UK). TCG concentrations were determined
by filtering the samples through a 0.2-μm syringe filter,
storing at −20 °C and then analysing each sample in
triplicate [26]. Acetate concentrations were measured using
a Hewlett Packard 5890 Series II gas chromatograph
equipped with a 7673 auto-injector and flame ionisation
detector. Samples of culture supernatant (1 mL) were
acidified by adding 100 μL of 15% (v/v) HCl, and aliquots
(1 μL) were injected in triplicate onto a PoraPLOT Q
column (Chrompack), with the injector and detector
temperatures at 200 °C. The temperature programme started
with an initial temperature of 130 °C for 1 min and was
increased to 185 °C at a rate of 10 °C min−1 and maintained
for 1 min. The concentration of acetate was calculated by
correlation with authentic sodium acetate (Sigma-Aldrich)
standards.

Metabolic fingerprinting was performed by FT-IR
analysis; in this investigation, we refer to the ‘metabolic
fingerprint’ or ‘fingerprint’ as the region on the spectra in
the range of 4,000–900 cm−1. Duplicate samples were
taken from each culture for the FT-IR analysis. The culture
was centrifuged for 3 min at 11,500×g to recover the cells
and washed three times with sterile physiological saline
(0.9% NaCl) before resuspension in saline solution. The
OD was measured, and samples were adjusted to the same
biomass concentration by dilution with saline solution.
Prior to use, a 96-well zinc selenide plate was rinsed with
isopropanol and deionised water and allowed to dry at room
temperature. The combination of both biological and
analytical replicates was employed in the FT-IR analysis
to measure the biological variance in the data. The
employment of ‘analytical or machine replicates’ [7] may
be averaged to reduce the heterogeneity of the biological
replicates in the analysis of the data [27]. Replicate aliquots
(n=4, 20 μL) of the biological replicates were evenly
applied onto the plate and dried at 50 °C for 15 min. The
ZnSe plate was loaded onto a motorised microplate module
HTS-XT™ attached to an Equinox 55 spectrometer (Bruker
Optics Ltd., UK). The motorised module of this instrument
introduces the plate into the airtight optics of the instru-
ment, in which tubes of desiccant are contained to remove
moisture [7, 28]. A deuterated triglycine sulphate detector
was employed for transmission measurements of the
samples to be acquired. An empty well was used to take a
reference background measurement. Spectra were collected
over the wavenumber range of 4,000 to 600 cm−1 under the
control of a computer programmed with Opus 4, operated
under MS Windows 2000. Spectra were acquired at a
resolution of 4 cm−1, and 64 spectra were co-added and
averaged to improve the signal-to-noise ratio as previously

described [7]. The collection time for each spectrum was
approximately 1 min, and the spectra are usually displayed
in terms of absorbance (vide infra). The data were
converted to ASCII format by an in-house conversion
program.

Multivariate data analysis of the FT-IR spectra

Preprocessing The ASCII data were imported into Matlab
version 6 (The MathWorks, Inc., MA, USA) [29], and all of
the statistical analyses were performed in Matlab, and the
scripts are available on the website (www.biospec.net). To
minimise problems arising from baseline shifts, Matlab was
used to correct for CO2 vibrations; when present, the CO2

peaks at 2,403–2,272 cm−1 and 683–656 cm−1 were
removed and filled with a trend to maintain a baseline
representative of the spectra. An extended multiplicative
signal correction preprocessing method was applied to the
entire data set [30], and the spectra were normalised
according to zero mean and unit variance (auto-scaling).
The statistical analysis of the data was performed on the
spectral region between 4,000 and 900 cm−1.

Cluster analyses The unsupervised data reduction method,
principal components analysis (PCA; [31]), was performed
on the spectra to reduce the dimensionality of the
multivariate data whilst preserving the variance, prior to
canonical variate analysis (CVA). CVA is a supervised
technique which discriminates between groups on the basis
of the retained principal components with a priori
knowledge of the analytical replicates [32, 33]. CVA was
programmed to minimise ‘within-group’ variance and
maximise ‘between-group’ variance, and as this process
uses information based on the biological replicates from
each bioreactor growth run, it does not bias the analysis and
allows any natural trends or time-dependent trajectories to
be observed. The statistical significance is displayed on the
scores plots to indicate the 95% χ2 distribution with
2 degrees of freedom [34].

Partial least squares regression Models were generated
from the independent measurements of both acetate and
TCG concentrations detected in the exometabolome. PLSR
[30, 35] was used, as described previously [36–38]. PLSR
is a supervised multivariate method that applies a linear
fixed regressor model of the form:

Y ¼ AX þ B

The algorithm finds the fundamental rela tionships between
the predictor (Y) variables and response (X) variables in the
form of latent variables (A), with the error (B). Each set of
PLSR predictions were constructed using a bootstrapping
approach [39–41], whereby a Monte Carlo simulation was
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used to iteratively (n=102) sub-sample training and cross-
validation spectral sub-sets. The data set was split into
training and cross-validation sub-sets according to the
biological replicates. In general, four biological replicates
were performed for each time point, and in this instance,
the data were split 1:1 to provide sub-sets for the training
and cross-validation samples. If an odd number of
biological replicates was present in the data (such as in
the vapour biotransforming cells), the data were split 2:1
for the training and cross-validation. PLSR models were
then evaluated using these randomly selected training
and test samples using full cross-validation [37, 42]. With
cross-validation, the model is trained on one set of data
(the training set) and the optimal number of latent
variables selected by projection of the second set of
hold-out data (the cross-validation set), to determine the
number of dimensions required to obtain the minimum
root mean squared error (RMSE) of cross-validation.
Finally, the 95% bootstrap confidence limits were calcu-
lated using the residual error from the least squares fit on
the 1,000 training set predictions, and a simple count was
performed to determine the number of training and cross-
validation predictions within these limits. Given the large
number of bootstrap iterations performed for the analysis,
every sample was selected more than once in both the
training and cross-validation sub-sets. Latent variables for
each bootstrap model were automatically selected based
upon the minimum of the root mean squared error for the
cross-validation predictions, and therefore a range of
values was used across the 1,000 models. The number of
latent variables representing the average minimum RMSE
across all validation predictions is used as a basis from
which to summarise the results in Table 2.

Results

Growth of E. coli in fed-batch cultures

A fed-batch culture system was employed in this study [3]
to maximise the biomass and product yield and provide a
realistic comparison with large-scale bioprocesses. Initially,
control cultures were grown without toluene, but with
induction of the dioxygenase enzyme. Exponentially
growing cultures were established, and when the biomass
concentration reached 0.5 gdry weight L−l, the pH was
adjusted to 7.2, and the dioxygenase enzyme was induced
with IPTG. Once the glucose had been consumed, a glucose
salt solution was added to maintain exponential growth of
the cultures. To assess the effect of the fed-batch cultivation
on the metabolic fingerprints, we included four control
cultures in the analysis of which the growth profiles and
acetate production are shown in Figs. 2a, b. In one of the
cultures (repeat 3), the recombinant protein was not induced
until the biomass concentration was 1.54 gdry weight L

−l, so
that we could analyse the effect of late induction on the
metabolic fingerprints. Slight differences were observed in
the growth properties of the repeated cultures (Table 1), the
most notable in the second repeat. The final biomass
concentration and specific biomass yield was lower than
average in the second culture, and the acetate-to-glucose
ratio was higher than average, suggesting a change in the
metabolism of the culture.

Analysis of the metabolic fingerprints Variations in the
cellular metabolism were investigated by FT-IR metabolic
fingerprinting, using cell samples which had been washed
thoroughly to remove any extracellular metabolites and

Table 2 Summary of the PLS analysis showing the relationship between the metabolic fingerprints (FT-IR spectra) extracellular TCG and acetate
concentration

Number of latent variables Independent calibration values RMSEC
a RMSEV

b

Number Range

Acetate

Control 8 214 3–170 mM 17.38±4.32 24.58±1.84

Vapour 9 191 4–180 mM 23.64±3.97 31.73±2.51

Liquid 5 198 19–180 mM 20.38±4.56 30.68±4.81

TCG

Vapour 7 383 0–91 mM 11.18±3.29 10.27±3.06

Liquid 9 198 0–26 mM 3.34±0.43 5.05±0.57

The concentrations of acetate and TCG were determined by GC-FID and LC, respectively, from the samples of the exometabolome. The number
of calibration variables and range applied in the models are presented in addition to the average and standard deviation root mean squared error of
calibration in millimolar and average and standard deviation root mean squared error of cross-validation in millimolar
a Average and standard deviation root mean squared error of calibration in millimolar
b Average and standard deviation root mean squared error of cross-validation in millimolar
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medium components. Representative metabolic fingerprints
of E. coli from the three experimental conditions during
fed-batch growth are illustrated in Fig. 3. As expected,
these FT-IR spectra (and indeed all others) show broad and
complex contours that are typical of microbial samples [7,
29], illustrating that there were few observable qualitative
differences between the spectra. Therefore, multivariate
statistical analysis was employed to analyse these data.
Discrimination between samples at different time points
was not observed with unsupervised PCA, although using
PCA for data reduction prior to supervised CVA (in which
the a priori knowledge was based on the analytical
replicates) resolved differences and similarities between

the spectral fingerprints. The first and second canonical
variate (CV) scores were plotted to identify relationships or
variations between the samples. A similar trajectory was
observed for three of the four repeat cultures, whereby a
trend (through CV 2) was observed with increasing culture
time (Fig. 2c, d). However, a noticeable shift was observed
in the trajectory of the samples from the third culture, in
which we had delayed the induction of the recombinant
protein until the biomass of the culture was greater than the
other cultures (Fig. 2d, illustrated in green).

The samples from the second culture (which exhibited a
low biomass yield) were displaced in the CVA space from
the end-point samples of the other cultures (illustrated in
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toluene, with the corresponding extracellular acetate (b) concentration.
The IPTG was added directly after the 0-h time point. The error bars
indicate the standard deviation of the analytical replicate data points.
PC-CVA performed on the metabolic fingerprints generated by the FT-
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replicates were used in the measurements of biomass and acetate
concentration, and four analytical replicates were used in the FT-IR
analysis
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red, green and black) and clustered in close proximity to the
earlier sample points. The CVA (Fig. 2d) indicates that
there was less variation in the mid- and end-point samples
of the second culture compared with the other culture
repeats included in the analyses. The acetate-to-glucose
ratio was higher than average in the second repeat
compared with the other cultures, and the biomass yield
was lower than average. The changes noted in the analysis
of the metabolic fingerprints reflect the observed differ-
ences in growth efficiency of the cultures and acetate
production between the replicate cultures. The loadings of
the first PC-CV (Electronic Supplementary Material Figure
S1A) which account for 7.5% of the variance in the data
show widespread changes in the biological components of
the cells, including positive changes in vibrations between
3,000–2,800 and 1,600–1,500 cm−1 which are attributed to
fatty acid and amide II vibrations, respectively, whilst
negative changes were observed in the regions of the
loading plot which are attributed to amide I (1,750–
1,650 cm−1) and polysaccharides (1,200–900 cm−1). The
first PC-CV indicates general differences between the early,
mid and late time points of the cultures, whereas the second
PC-CV represents the subtle changes between the individ-
ual time points, and the loading plot (Electronic Supple-
mentary Material Figure S1A) indicated the predominant
changes to be in the polysaccharide region (1,200–
900 cm−1). It should be noted that the differences truly
reflected phenotypic variation rather than variations in
signal intensity because cell concentrations were normal-
ised before the FT-IR analysis.

PLSR for modelling relationships between extracellular
product formation and metabolic fingerprints The aerobic

growth of E. coli on glucose results in the production of
acetate due to partial oxidation of the glucose [43].
Accumulation of acetate causes growth inhibition and
affects the production of recombinant proteins [44, 45]
because it acts as an uncoupler [46]. Thus, undissociated
acetic acid can diffuse freely across the cell membrane and
dissociates in the alkaline interior of the cell. This dissipates
the trans-membrane pH gradient, causing uncoupling. In
addition to this, the internal osmotic pressure increases due
to the increased concentration of the acetate anion, and this
has been shown to interfere with methionine biosynthesis
(inter alia) [47]. To establish if there were any specific
relationships between the production of acetate and the
metabolic fingerprints of the cells, PLSR analysis was
computed as described above for the prediction of
extracellular acetate concentrations from the FT-IR spectra
(4,000–900 cm−1). The PLS regression model illustrating
the calibration of the control fingerprints with acetate and
the predicted values for the validation samples is shown in
Fig. 4a. The number of latent variables was selected by the
projection of the hold-out data at the point when the root
mean square error is at its minimum (Fig. 4b). The findings
of the PLSR analysis and the number of latent variables
applied in each of the PLSR models are summarised in
Table 2. The prediction of the acetate concentration was
achieved with reasonable accuracy, suggesting a relation-
ship between the acetate in the exometabolome and the
phenotypic changes detected in the metabolic fingerprints.
This calibration was based on the extracellular acetate
produced by the cells, and the FT-IR analysis was
performed on the intracellular fingerprint of the washed
cells. The cells were washed to ensure that adherent
metabolites were removed from the intracellular samples.
The PLSR loading plot (data not shown) did not indicate
any bands that could be solely attributed to intracellular
acetate. Hence, we can hypothesise that the relationship
highlighted by the PLSR analysis is indicative of the effects
of acetate upon the phenotype of the cells rather than the
intracellular accumulation of acetate, since measurements
of acetic acid in the intracellular samples were not observed
(data not shown).

Biotransformations in fed-batch cultures

The starting substrate (toluene) was supplied to the fed-
batch cultures of E. coli by the addition of either a liquid
or a vapour. The growth was performed as described
above, and the toluene feed started after the addition of the
IPTG to induce the expression of the recombinant protein.
There were considerable differences in the TCG concen-
tration between the cultures fed with vapour or liquid
toluene (Table 1, Figs. 5c and 6c). The final product
concentration was greater for the vapour-fed cultures (58–
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Fig. 3 Typical FT-IR spectra of E. coli cultured without toluene (solid
line), in the presence of vapour toluene (dashed line) and liquid
toluene (dotted line). The spectra representing the cells cultured in the
presence of toluene were offset
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91 mM) compared with cultures provided with liquid
toluene. The liquid-fed cultures also displayed large
variations in the product concentration (0.28–26 mM).
The production of TCG was proportional to the biomass
concentration, and generally the rate of TCG formation was at
its maximum when the culture dry weight exceeded 2 g L−l.
However, when the toluene was supplied as a liquid feed, the
TCG production rate did not increase until the toluene feed
rate was increased to 0.5 mL h−1 (Fig. 6c).

The vapour-fed biotransformations

Five fed-batch cultures were grown in the presence of
toluene vapour; the growth profiles and extracellular
concentrations of acetate and TCG are shown in
Figs. 5a–c, respectively. The induction of the recombi-
nant protein was delayed in two of the cultures to
determine the effects on product yield and the metabolic
fingerprints (Table 1). The cultures with the higher initial
biomass concentrations did not show any difference in
the overall biomass yield compared with cultures with a
lower initial biomass. Our analysis illustrates a relation-
ship between the production of TCG and biomass yield;
the culture with the highest maximum biomass had the
lowest max TCG concentration (Table 1, the fifth
culture). However, there was no difference in the starting
biomass of the culture to explain the poor product yield,
as the starting density of the culture was comparable to
the other replicates.

Cluster analysis of the metabolic fingerprints Two of the
cultures were monitored frequently throughout the entire
experimental period to obtain accurate kinetics of

growth and product formation. The cluster analysis of
the metabolic fingerprints of the cells grown in the
presence of vapour toluene showed a time-dependent
trend across CV 1, with two distinct trajectories
observed in CV 2 for four of the repeated cultures
(Fig. 5d, e, illustrated in red and green [cultures 1 and 3]
vs. blue and black [cultures 2 and 4]). The major changes
observed in the spectrum (Electronic Supplementary
Material Figure S1B) were in vibrations attributed to
protein, with a positive change occurring in the region of
1,600–1,500 cm−1 (amide II) and a negative change in the
region of 1,750–1,650 cm−1 (amide I), and changes were
also observed in the polysaccharide region of the spectra
(1,200–900 cm−1). The induced variation in the starting
biomass of the cultures was reflected across CV 2, with
differences observed in the score plot of the metabolic
fingerprints (Fig. 5d). The shift in the trajectory of the
samples of culture repeats 1–4 (Fig. 5e) correlated with
the kinetics of the product formation (Fig. 5c), which
were similar for the first and third (red and green), and
second (blue) and fourth (black) cultures and occurred as
the rate of product formation changed. This was partic-
ularly evident for the fourth replicate, in which the rate of
TCG increased after 8 h (Fig. 5c) at which point the
trajectory of the samples changed in the PC-CVA scores
plot (Fig. 5e). The fifth repeat (illustrated in magenta)
followed a completely different trend from the other four
cultures, and separation of the samples was not observed
until the onset of stationary phase. However, this
biotransformation was atypical, with a low TCG yield
and a higher maximum biomass concentration, suggest-
ing a difference in the cellular metabolism in comparison
with the other cultures.
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Fig. 5 The growth profile (a) of E. coli in fed-batch cultures with
toluene supplied as a vapour feed, with the corresponding extracellular
acetate (b) and TCG (c) concentrations. The IPTG and toluene supply
was added directly after the 0-h time point. The error bars indicate the
standard deviation of the analytical replicate data points. PC-CVA
performed on the metabolic fingerprints generated by the FT-IR
analysis (d) PCs 20 (total cumulative variance 99.86%) was used by
the CVA algorithm with a priori knowledge of analytical replicates.
The variance represented in the canonical variates is 9% (CV1) and
1.6% (CV2). The sampling time in hours is referred to as numbers

after the letter code. For ease of visualisation, the group mean centres
of each replicate are shown in e, whilst in d, all of the data points are
shown and the circle indicates the boundary of the 95% confidence
region for one particular sample. Each point would have the same area
representing the 95% confidence region; however, only one circle is
shown for clarity. The colours indicate the biological replicates
(replicates 1, red; 2, blue; 3, green; 4, black; 5, magenta); three
analytical replicates were used in the measurements of biomass,
acetate and TCG concentration, and four analytical replicates were
used in the FT-IR analysis
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Fig. 6 The growth profile (a) of E. coli in fed-batch cultures with
toluene supplied as a liquid feed, with the corresponding extracellular
acetate (b) and TCG (c) concentrations. The IPTG and toluene supply
was added directly after the 0-h time point. The rate of toluene feed is
shown (c, broken lines). The error bars indicate the standard deviation
of the analytical replicate data points. PC-CVA performed on the
metabolic fingerprints generated by the FT-IR analysis (d) PCs 20
(total cumulative variance 99.92%) was used by the CVA algorithm
with a priori knowledge of analytical replicates. The variance
represented in the canonical variates is 22.5% (CV1) and 6.7%
(CV2). The sampling time in hours is referred to as numbers after the

letter code. For ease of visualisation, the group mean centres of each
replicate are shown in e, whilst in d, all of the data points are shown,
and the circle indicates the boundary of the 95% confidence region for
one particular sample. Each point would have the same area
representing the 95% confidence region; however, only one circle is
shown for clarity. The colours indicate the biological replicates
(replicates 1, red; 2, blue; 3, green; 4, black); three analytical
replicates were used in the measurements of biomass, acetate and
TCG concentration, and four analytical replicates were used in the FT-
IR analysis
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PLSR for modelling the relationship between extracellular
products and metabolic fingerprints To investigate wheth-
er the products of the biotransformation and growth had
a direct effect on the phenotype of the cells, PLSR
models were computed once again. In the first instance,
the TCG concentration was applied to calculate the
model. The final concentration of TCG was 73.03 mM
or higher in the biotransformations fed with toluene
vapour. The analysis illustrated a relationship between
the phenotypic analysis of the cells as detected by the
FT-IR analysis and the extracellular concentration of the
TCG (Table 2). This suggests that the higher concen-
trations of TCG observed in the vapour-fed biotransfor-
mations had an effect on the phenotype of the cells. We
also modelled the relationship between the extracellular
concentrations of acetate and the metabolic fingerprints.
A reasonable fit was observed between the calibration
variables (TCG) and metabolic fingerprints (spectra);
however, the difference in the error between the calibra-
tion and validation data sets (Table 2) was larger in the
acetate analysis than compared with the TCG.

The liquid-fed biotransformations

A total of four fed-batch cultures were performed with
the toluene added as the liquid. The starting concen-
trations of biomass (Fig. 6a) were on average higher than
in the vapour-fed cultures to minimise the toxic effects of
adding liquid toluene. The production of TCG in the
cultures fed with liquid toluene was highly variable
(Table 1, Fig. 6c) and considerably lower than in the
vapour-fed cells. In the early stages of the biotransfor-
mation (0–4 h), the flow rate of liquid toluene was
gradually increased to 0.5 mL h−1 (Fig. 6c). The
production of TCG did not increase until the toluene
was added at its maximum rate (Fig. 6c).

Cluster analysis of the metabolic fingerprints A gradual
trend was observed in the CVA space as the biotrans-
formations progressed and the rate of the liquid toluene
feed was increased (Fig. 6). The changes highlighted in
the cluster analysis mirrored differences observed in the
product formation of the four cultures (Figs. 6c, d). A
shift in the trajectory of the samples from culture repeats
1 and 3 (illustrated in red and green) was observed at 6
and 7 h, respectively, at which point the toluene feed was
at its maximum rate but the TCG concentration was low.
The product yield of the second repeat was comparable to
the culture repeat 1 (Fig. 6c). However, whilst a shift in
the trajectory of the samples was observed in repeat 1 and
also in repeat 3 in relation to the onset of TCG
production, the same effect was not observed for repeat
2 (Fig. 6d, shown in blue). The product yield in the fourth

culture was very low, implying either poor activity or
expression of toluene dioxygenase, and whilst changes
were observed in the metabolic fingerprints of this
culture repeat (Fig. 6e), they were not explained by the
growth or product formation data. In the score plot of the
analysis (Fig. 6e), the first PC-CV indicated differences
between the early and late-exposed cells. The loading
plot of PC-CV1 (Electronic Supplementary Material
Figure S1C) showed the most prominent change in the
region of 1,700–1,500 cm−1 of the spectra and relates to
amide vibrations within the spectra. The second PC-CV
(Fig. 7) illustrated changes through the time course of the
experiment, and we noted widespread changes in the
spectra in particular between 1,200 and 900 cm−1

(Electronic Supplementary Material Figure S1C) in
which we observe polysaccharide vibrations.

PLSR for modelling the relationship between extracellular
products and metabolic fingerprints

The PLSR analysis was used to explore the relationship
between the concentrations of TCG and acetate in the
exometabolome and the metabolic fingerprints of the
intracellular samples. In the model calibrated with the
exometabolome concentrations of TCG, the RMSE in
the validation data set was slightly higher than that of
the calibration data set (Table 2). TCG is not thought to
have a detrimental effect on the bacterial cells until
present at higher concentrations to that observed in the
liquid-fed cultures, and thus, we may not observe a
strong relationship between the metabolic fingerprints
and TCG concentration in the exometabolome. The
difference in the RMSE of the calibration and validation
data sets of the PLSR model calibrated with the
extracellular acetate concentration was not noticeably
different and corresponds to the findings observed in the
other models calibrated with acetate (Table 2). Although
the analysis suggests that the variance observed in the
metabolic fingerprints of the samples could be related to
the effect of acetate or TCG in the exometabolome, it is
likely that other factors are influencing changes in the
metabolic fingerprints of the cells.

Comparison between the control,
vapour- and liquid-toluene-fed cells

In order to compare the differences in the metabolic
fingerprints between the control, vapour- and liquid-fed
cells directly, representative examples from each exper-
imental condition were selected and analysed. These
included repeat 1 from the control cultures (Fig. 2),
repeats 1 and 2 from the vapour-fed cultures (Fig. 5) and
repeat 1 from the liquid-fed cultures (Fig. 6). A single
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fermentation was selected from the control and liquid-fed
cells, and two representatives were selected from the
vapour biotransformations, to reflect the two trajectories
observed in the earlier analysis (Fig. 5d). The PC-CVA
cluster analysis (Fig. 7) illustrates two general trends. CV
1 demonstrates a general trend between early (0–7 h) and
late-phase samples (8–25 h), whilst CV 2 shows a trend
through the defined groups. We only illustrate CV scores
1 and 2 (as in the previous analysis); the lower CV scores
(3–4) do not demonstrate clustering of the samples (data
not shown). The control and vapour-fed cells both show
an ‘M’- or ‘W’-like trajectory in CV 1 and CV 2, with a
clear discrimination of the specific time points between
the control and toluene-exposed cells (Fig. 7). A
progressive ‘stretching’ of the end-point samples was
observed across CV 1, in which the final control samples
clustered with the mid-growth-phase vapour cells (V14–
15, Fig. 7). The clustering of the toluene-exposed cells
was extended (‘stretched’) across CV 1 in relation to the
TCG production. The end-point liquid-fed samples
(shown in blue, Fig. 7) had the lowest TCG yield
(26.38 mM) of the three toluene-exposed biotransforma-
tions (in this analysis, the TCG production for the two
vapour-fed replicates was 86.9 mM (shown in black) and
91.02 mM (illustrated in green)). The highest product
concentrations in the vapour-fed cultures (TCG greater
than 79.27 mM) were established after 16 h, and this
coincides with the ‘stretching’ of the end-point samples
through the CVA space (data not shown). The loading
plot of the analysis (Electronic Supplementary Material
Figure S1D) showed widespread changes in the spectra.

In PC-CV1 in which we observed the change between the
unexposed and early compared with the late-exposed
cells (Fig. 7), we particularly note changes in the spectral
regions of 3,000–2,800 cm−1 which is attributed to
changes in the fatty acids of the cells and regions of
polysaccharides vibrations 1,200–900 cm−1 (Electronic
Supplementary Material Figure S1D). In PC-CV2, we
also observe changes in the loading plot in the regions of
the spectra which are attributed to fatty acids and
polysaccharides, but we also see changes in the protein
region of the spectra (1,700–1,500 cm−1) and between
1,450 and 1,200 cm−1 in which we would expect
phospholipids, polysaccharides and nucleotides to vi-
brate. It is therefore apparent that we observe widespread
changes in the cellular components of the cell in the
second PC-CV of the analysis, and in comparison with
the score plot of the analysis, this corresponds with
changes in the time course of the experiment (Fig. 7).

Discussion

The assessment of a ‘good’ or ‘poor’ biotransformation is
principally assessed according to the quantity and rate of
product formation. Offline analysis of products and growth
profiling provide valuable information for the character-
isation of a ‘good’ or ‘poor’ biotransformation but allow
limited insight into the metabolic changes occurring at the
intracellular level. To date, minimal attention has been
directed towards the phenotypic analysis of the cells
throughout the growth period. In this investigation, we
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Fig. 7 PC-CVA illustrating the most reproducible examples from the
three experimental conditions. PCs 20 (total cumulative variance is
99.91%) were used by the CVA algorithm with a priori knowledge of
experimental replicate. The left-hand figure shows all the data points
and the right-hand one the average of the group centres. The variance

represented in the canonical variates is 25.97% (CV1) and 5.7%
(CV2). The colours in the figures refer to biological replicate
biotransformations, the coding used is c for control, v for vapour-fed
and s for liquid-fed cells, and the numbers refer to the sampling time
in hours. Four analytical replicates were included at each sample point
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have employed FT-IR spectroscopy as a metabolic finger-
printing technique coupled with multivariate statistical
analysis to interrogate variations in the metabolic finger-
prints of E. coli cells during the biotransformation of
toluene to toluene cis-glycol. The analysis illustrated
specific patterns which could be attributed to variations in
the growth of the cultures or product formation. The
changes observed in the cultures reflect both the biological
variance between the culture repeats and induced changes
in the experimental protocol, which were applied to
evaluate the method. Relationships were observed between
the variance in the metabolic fingerprints and increasing
concentrations of both the biotransformation product and
acetate.

The analysis of the control cells formed a baseline for
the metabolic fingerprinting of the biotransformation, with
the observation of phenotypic changes in the cultures as the
time course progressed. The control of the nutrient feed
rates was adaptive, according to the performance of each
culture, and as such variance was observed between the
culture repeats. We explored the dynamics of the variation
observed within and between classes with an approach
previously demonstrated by us in the production of
gibberellic acid by fed-batch cultures of the fungus
Gibberella fujikuroi [18]. Changes in the actively growing
cultures were reflected in the analysis; however, some of
the observed changes in the analysis could not be attributed
to variations in growth or acetate production, and this
highlights the benefit of including an alternative approach
to evaluate cultures in bioprocesses.

The production of TCG is dependent on actively
growing cells and cofactor regeneration [3]. Differences in
the production of TCG were observed between the vapour-
and liquid-fed biotransformations, with the product yield
being higher and more reproducible in the vapour-fed
cultures. The initial rate in the liquid feed was low to avoid
poisoning the cells, and this may have limited the TCG
production in the early stages of growth. The clustering
patterns observed in the vapour- and liquid-fed cultures
showed differences across the time course of the experi-
ment and between the repeated cultures, and this probably
reflects the effect of both the substrate and product
concentration on the cells. The PLSR analysis demonstrated
strong relationships between the variance in the metabolic
fingerprints and extracellular concentrations of acetate and
TCG. Acetate is inhibitory in recombinant protein-
producing cells [48], and whilst a relationship was noted
between changes in the metabolic fingerprints and the
concentrations of extracellular acetate, we did not observe a
reduction in the TCG yield of cultures with a high acetate
output. We suggest that the relationship highlighted by the
PLSR analysis was due to metabolic changes in the cells or
stress effects upon the cells since the detection of acetic

acid in the intracellular samples was not observed in the FT-
IR spectra. The progression of growth in any culture may
be accompanied by a ‘stress’ effect on the cells [49], and in
fed-batch growth, this may be due to nutrient limitation and
accumulation of toxic by-products towards the end of the
incubation period. Ageing of the culture will also affect the
biotransformation process, as the growth rate decreases, and
the rate of cofactor regeneration limits the activity of the
dioxygenase enzyme [50]. The observed changes in the
phenotype of the biotransforming cells are a combination of
effects from both the substrate and product, whereas the
effect on the liquid-fed cultures was predominantly related
to an increase in the flow rate of toluene. The use of FT-IR
as a metabolomics tool to detect the effect of chemical
stresses in microbial cells was previously demonstrated
[51].

The product (TCG) is inhibitory to the cells; the viability
of Pseudomonas putida-oxidising toluene was reduced at
concentrations of 79.27 mM [52]. Pseudomonas species are
generally more tolerant to toxic substrates than E. coli, and
changes in the phenotype of the cells were detected in
relation to product (TCG) concentration (Table 2). This
effect of increasing concentrations of TCG was more
pronounced in the vapour-fed cells (Table 2), and this is
likely the result of higher product yields. The fed-batch
cultures fed with vapour toluene produce the highest
product yield and would be the obvious method in the
bioprocess; however, variability was still observed in the
TCG yield between the repeated cultures. The approach
adopted in this investigation provided clear discrimination
of the ‘poorest’ culture repeat at an early stage in the
incubation period.

Concluding remarks

We have demonstrated that metabolic fingerprinting of the
cells by FT-IR analysis provides valuable information on
the physiological changes in the cultures during the whole-
cell biotransformations. We have performed complementary
analysis to monitor growth changes and product formation
in the cultures, and this has provided evidence that the FT-
IR analysis reflects the observed changes in the cultures. In
such a global approach where metabolic fingerprints are
analysed producing a biochemical snap-shot of the cells
rather than the concentration of metabolites, it is not
possible to provide conclusive reasons for all of the
observed variance in the data. However, this study has
demonstrated the usefulness of this high-throughput method
in detecting significant changes in the cells. Samples
exhibiting significant changes can then be targeted for
more time-consuming metabolomics approaches. We have
noted considerable differences in the phenotype of the cells
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fed with toluene as a liquid or vapour. The technique also
has the potential to differentiate samples which will result
in a poor product yield from the earliest stages of the
growth period. We envisage that, with further development,
this method would be a valuable tool for the online analysis
of redox biotransformations to maximise product formation
in bioprocesses.
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